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Signal transducer and activator of transcription (STAT) proteins are transcription factors that play a critical role in the
response of a variety of eukaryotic cells to cytokine and growth factor signaling. In Drosophila, the STAT homolog encoded
by the stat92E gene is required for the normal development of multiple tissues, including embryonic segmentation,
imaginal discs, blood cells, male germ cells, and sex determination. We used multiple approaches to study the role of stat92E
in oogenesis. Stat92E RNA expression is strongest in the differentiating follicle cells in the germarium, as determined by
in situ hybridization. We generated an ethylmethane sulfonate-induced, temperature-sensitive allele, stat92EF, in which the
mutant protein contains a P506S substitution, located in the DNA binding domain. At the restrictive temperature, mutant
females are sterile. Mutant ovaries have multiple defects, including fused egg chambers and an absence of interfollicular
stalks cells and functional polar follicle cells. An analysis of mosaic clones, using an apparent null stat92E allele, indicates
that Stat92E is required in the polar/stalk follicle cell lineage. We conclude that stat92E is necessary for the early differentiation
of follicle cells and for proper germ line cell encapsulation during Drosophila oogenesis. © 2002 Elsevier Science (USA)INTRODUCTION
Signal transducer and activator of transcription (STAT)
proteins comprise a family of transcription factors that are
found in organisms ranging from the cellular slime mold
Dictyostelium to humans (reviewed in Darnell, 1997; Mui,
1999; Levy, 1999). The mammalian STAT proteins have
been well studied for their prominent role in human Jak
kinase signaling pathways. STATs were originally identi-
fied as interferon-stimulated transcription factors (Schind-
ler et al., 1992; Fu et al., 1992) and are now known to play
a vital role in transducing a wide range of proliferative and
developmental signals.
The developmental requirements and regulation of STAT
proteins have also been studied in the fruit fly Drosophila
melanogaster (reviewed in Dearolf, 1999; Zeidler et al.,
2000; Luo and Dearolf, 2001). The fly genome sequence
reveals just one obvious homolog, encoded by the stat92E
gene (Yan et al., 1996a; Hou et al., 1996). Previous studies
on loss-of-function mutant alleles have demonstrated that
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166stat92E plays multiple developmental roles. The gene has
been implicated in embryonic segmentation, hematopoi-
esis, wing vein formation, eye development, and sex deter-
mination (Yan et al., 1996a,b; Hou et al., 1996; Zeidler et
al., 1999; Luo et al., 1999; Jinks et al., 2000; Sefton et al.,
2000). Similar to the mammalian system, Drosophila
Stat92E is phosphorylated by a Jak kinase, encoded by the
hopscotch (hop) gene (Binari and Perrimon, 1994).
In this study, we examine the role of Stat92E function in
early oogenesis. Drosophila oogenesis has proven to be an
excellent model system for elucidating mechanisms of
cell–cell communication and cell differentiation. The de-
velopmental processes and genetics underlying oogenesis
have been reviewed (King, 1970; Spradling, 1993; Dobens
and Raftery, 2000), and the major cell types involved in egg
chamber formation are shown in Fig. 1.
Drosophila oogenesis is a multistep process. Oogenesis
begins with the division of the germ line stem cells, which
are located at the anterior tip of the germarium (Fig. 1).
Sixteen-cell germ line complexes are formed by incomplete
cytokinesis, and after passing through region 2A/2B, where
the stem cells of the somatic follicle cells are located, they
encounter the differentiating follicle cells (Margolis and
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Spradling, 1995). Simultaneously, 1 of the 16 germ line
cells, the oocyte, assumes the posterior-most position
within the complex. The oocyte attaches by a DE-cadherin-
dependent adhesion to the posteriorly migrating follicle
cells (Godt and Tepass, 1998; Gonzalez-Reyes and St.
Johnston, 1998a), leading to the formation of a stage-1 egg
chamber.
The monolayer of follicle cells that envelop the germ line
complexes includes several cell types. Two specialized
types of follicle cells, which arise from common precursors
(Tworoger et al., 1999), differentiate as polar cells and stalk
cells as the egg chamber leaves the germarium. The differ-
entiation of these cells is necessary for the separation and
integrity of adjacent egg chambers. The remainder of the
follicle cells in the monolayer continue to divide in the
vitellarium until stage 6 (Fig. 1). One subgroup of these
latter follicle cells will differentiate into terminal follicle
cells, which are essential for the polarity of the egg chamber
(Gonzalez-Reyes and St. Johnston, 1998b).
We have utilized a newly generated, temperature-
sensitive stat92E allele, as well as the LacZ enhancer trap
line stat92E6346, to characterize the role of Drosophila
Stat92E protein in oogenesis. We find that stat92E function
is necessary for the proper differentiation of the follicular
polar and stalk cells. The failure of these cell types to
differentiate correctly results in fused egg chambers and
consequently in position defects of the oocyte, leading to
female sterility.
MATERIALS AND METHODS
Mutagenesis and Fly Maintenance
Flies were maintained on a standard medium of yeast, cornmeal,
agar, and molasses, supplemented with propionic acid and Tega-
sept. Fly strains are described in Flybase (1999). To generate and
recover new alleles of stat92E, mwh red e males were fed 25 mM
ethylmethane sulfonate (EMS) by the method of Lewis and Bacher
(1968) and mated in bulk to Gl red/TM3 females. F1 males of the
genotype mwh red e */TM3 (where * represents potentially new
mutations) were individually mated to stat92E6346/TM3 virgin
females, and the progeny were cultured at 29°C. F2 progeny were
scored for the lack of mwh red e */stat92E6346 adults. We recovered
one new stat92E allele. Additional mutations were removed from
this chromosome by meiotic recombination.
Sequence Analysis
Homozygous stat92EF and mwh red e larvae were separately
collected, frozen, and homogenized. Poly(A) RNA was extracted
by using the Pharmacia Biotech Quick Prep Micro RNA extraction
kit, according to the instruction of the manufacturer. RT-PCR was
performed by using the Perkin Elmer GeneAmp RNA PCR kit.
Three pairs of primers were used to amplify the stat92E coding
region (Yan et al., 1996a; Hou et al., 1996) as overlapping
fragments: (1A) 5-GAGCAAGAGCATGAGCTTGTGG and (1B)
5-CGTGCAGCGATTCGTAGTAC; (2A) 5-CGAACGCAGAAG-
CTGCCT and (2B) 5-GTTCAACGCGACTGACAG; and (3A) 5-
GGAGATTGTTCGCGATCCC and (3B) 5-CGTAGGCTTCTA-
TAGTGGTTATAGTTTC. Sequence data were obtained from both
coding and noncoding strands.
stat92EF Viability and Rescue Experiments
Stat92EF/TM3 flies were mated to stat6346/TM3 flies, and the
progeny were cultured in uncrowded vials at 18, 25, or 29°C. The
total number of surviving adults was determined, and the expected
number of stat92EF/stat92E6346 survivors was calculated as 1/2
times the number of stat92E(F or 6346)/TM3 flies. For the rescue
experiments, we used a homozygous viable strain carrying a heat
shock inducible stat92E construct on the second chromosome,
P[hsStat] (Yan et al., 1996b). w; P[hsStat]; stat92EF/TM3 flies were
mated to either w; stat92E6346/TM3 (to test one copy of the hsStat
construct) or to w; P[hsStat]; stat92E6346/TM3 flies (for two copies).
Progeny were cultured at 29°C and given daily heat shocks of 37°C
for 1 h.
Quantitation of stat92EF/stat92E6346 Female Sterility
Flies of the genotypes stat92EF/TM3 and stat92E6346 were mated,
with the progeny grown at 20 or 25°C. For the 29°C upshift
experiments, cultures grown at 25°C were shifted to 29°C as early
pupae. stat92EF/stat92E6346 female adults were recovered and
mated to wild-type Oregon R males. Egg lays were counted daily,
and the embryos were examined. Females at 20°C laid eggs for up
to 5 days after eclosion, those at 25°C up to 3–4 days after eclosion.
In Situ Hybridization
In situ hybridization was performed according to Tautz
and Pfeifle (1989), modified as described by Suter and Steward
(1991). Single-stranded DNA probes were generated from RT-PCR
stat92E fragments, using digoxigenin-labeled 11-dUTP (Boeh-
ringer-Mannheim). Primers 1B and 2B were used to generate
antisense probes, with primers 1A and 2A used for sense (control)
probes. Alkaline phosphatase-conjugated anti-digoxigenin antibod-
ies were also purchased from Boehringer-Mannheim.
FIG. 1. Schematic representation of the early stages of oogenesis.
The cells of the germarium and early vitellarium are pictured. Cells
of somatic origin are underlined. The germarium includes the stem
cells for both the germ line and follicle cell populations, marked as
*. Tf, terminal filament; BC, basal cells; GSC, germ line stem cell;
CB, cistoblast cell; ISC, inner sheet cell; FSC, follicle stem cell;
iFC, invading follicle cells; LFC, lateral follicle cells; NC, nurse
cell; O, oocyte; PC, polar follicle cells; S, stalk cells.
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Immunohistochemistry
For the 25°C experiments, ovaries were dissected from females
kept at 25°C during their development, while 29°C ovaries were
obtained from females kept at either 25 or 18°C until pupariation,
then upshifted to 29°C. Females 3 days after eclosion were used for
dissection, unless otherwise mentioned. Ovaries were dissected in
PBS, and fixed in 4% paraformaldehyde/PBS solution.
Antibody and nuclear staining were performed according to
standard procedures. Antibodies were obtained from the Develop-
mental Studies Hybridoma Bank, except where indicated, and used
at the following concentrations: anti-FasIII (7G10) (Patel et al.,
1987) 1/25, anti--spectrin 3A9 (Dubreuil et al., 1987) 1/50, anti-
myc (Harlan Bioproducts) 1/100; and anti--gal was purchased from
Cappel, preabsorbed on wild-type ovaries, and used in a 1/1000
final dilution. FasIII and -spectrin staining could not be directly
colocalized because both antibodies were of the same mouse
immunoglobulin type. Therefore, the staining patterns were com-
pared by using LacZ expression as a common reference. FITC-,
TRITC-, and Cy3-conjugated secondary antibodies (Jackson) were
used 1/150, 1/200, and 1/150, respectively. In some costaining
experiments, anti--gal staining was visualized by using biotin-
conjugated anti-rabbit antisera (1/2000), then SA-conjugated-
TRITC (1/10,000). Nuclear staining for standard immunofluores-
cence microscopy was done with Hoescht or 7AAD (Molecular
Probes) at a 1/200 dilution. Images were observed with a Nikon
E-800 microscope and a Leica confocal microscope.
stat92E Clonal Analysis
To generate and detect homozygous stat92E clones, we used the
directed mosaic technique (Duffy et al., 1998) with Notch-myc
(NM) as a marker (Xu and Rubin, 1993). UAS-FLP expression was
driven by the e22C-GAL4 line, that expresses GAL4 during early
oogenesis in follicle and follicle stem cells. e22C-GAL4 UAS-FLP/
CyO; FRT 82 NM/TM3 flies were mated to FRT82B stat92E6346/
TM3 flies at 25°C. To induce N-Myc expression, 3- to 5-day-old
females of the genotype e22C-GAL4 UAS-FLP/; FRT82 NM/
FRT82B stat92E6346 were heat shocked at 37°C for 30 min, then
allowed to recover for 60 min.
RESULTS
Isolation of stat92EF, a Temperature-Sensitive
Allele
In order to learn more about the developmental roles of
the stat92E gene, we carried out an EMS mutagenesis
screen for new loss-of-function alleles. We assayed for
lethality of F2 progeny carrying the mutagenized chromo-
some over the strong stat92E6346 allele (Hou et al., 1996). We
recovered one new mutation, termed stat92EFrankenstein
(stat92EF) because of the appearance of knob-like growths in
the dorsal prothoracic tissue in some surviving adults (data
not shown).
The viability of stat92EF mutants is given in Table 1. The
mutation is temperature-sensitive, with more extreme ef-
fects observed at higher culture temperatures. At the re-
strictive temperature of 29°C, stat92EF/stat92E6346 mutants
failed to eclose as adults, with the majority of animals dying
as pupae. At the lower temperatures tested, the mutants
were viable, as we observed almost 100% of the expected
number of mutant adults.
Several lines of evidence indicate that stat92EF is indeed
a new allele of the stat92E locus. First, the temperature-
sensitive lethality associated with the stat92EF mutation
could be partially rescued by overexpression of a wild-type
stat92E cDNA (Yan et al., 1996b). As shown in Table 1, one
copy of the heat shock-Stat (P[hsStat]) transgene elevated
the percentage of surviving 29°C stat92EF/stat92E6346 mu-
tants from less than 1 to 9%, while two copies raised the
survival to 19.0%. This result is consistent with the partial
but not complete P[hsStat] rescue of the stat92EHJ pheno-
type previously reported (Yan et al., 1996b).
Second, sequence analysis of the stat92EF allele revealed
a C-to-T transition substitution, resulting in a proline to
serine amino acid substitution at amino acid 506 of the
predicted protein. This proline residue is part of a block of
amino acids (RDPF) that is conserved in mammalian Stat 5
and Stat 6 (RVPF in both), and is situated in the DNA
binding domain (reviewed in Decker and Kovarik, 1999).
stat92E Mutant Females Are Sterile and Have
Fused Egg Chambers
The most penetrant phenotype of surviving stat92EF/
stat92E6346 mutant adults was a strong reduction in female
fecundity (Table 2). Like the lethal phenotype, the defects
in oogenesis were temperature sensitive. At 20°C, females
aged 1–5 days after eclosion laid on average 50–60 eggs,
most of them unfertilized. Only approximately 10% of the
eggs were able to develop into adults. Older adults did not
TABLE 1
Viability of stat92EF/stat92E6346 Adults
Temperature Genotype No. of adults examined Percent of expected adultsa
18°C stat92EF/stat92E6346 620 98.7
25°C stat92EF/stat92E6346 1260 97.0
29°C stat92EF/stat92E6346 1414 0.5
29°C  HSb P[hsStat]/; stat92EF/stat92E6346 1828 9.0
29°C  HSb P[hsStat]/P[hsStat]; stat92EF/stat92E6346 1476 19.0
a Calculated from the number of stat92E/TM3 siblings.
b Given a daily heat shock of 37°C for 1 h.
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lay eggs. At 25°C, young (1–4 days after eclosion) females
laid only a few eggs, which were smaller than normal and
had morphologically abnormal dorsal appendages. None of
these eggs developed. To examine the effects of even higher
temperatures on stat92EF/stat92E6346 mutants, females
were cultured at 25°C, then upshifted to 29°C as early pupae.
None of the surviving female adults produced any eggs.
We next dissected ovaries of females grown at the tem-
peratures described above. A striking defect was the pres-
ence of fused egg chambers and the lack of obvious inter-
follicular stalk cells. Examples of these abnormalities are
shown in Fig. 2. The severity of the phenotype increased
with the age of the females and with increasing tempera-
ture. At 25°C, we detected on average one to two fused egg
chambers from every three ovarioles examined, with the
fusions usually obvious by stage 3 egg chambers. Ovarioles
from females older than 4–5 days posteclosion contained an
increased number of fused egg chambers, two to three per
ovariole, and in some cases more than two consecutive egg
chambers were fused. We observed a considerable amount
of cell death in ovarioles from older mutant females, as
assayed by acridine orange staining (data not shown). Fe-
males aged more than 8 days after eclosion at 25°C had
degenerating, rudimentary ovarioles with no obvious sepa-
ration between the egg chambers. In females shifted to 29°C
during the pupal stage, we observed even more severe
defects in oogenesis. Oogenesis was arrested at or before
stage 4, and no egg chambers were pinched off from the
germarium (Fig. 2). On several occasions, we observed
completely fused egg chambers.
Stat92E is part of an intracellular Jak-Stat signaling path-
way and is activated by the Hopscotch (Hop) Jak kinase (Luo
et al., 1995, 1997; Harrison et al., 1995). We therefore
examined whether hop mutants suffered a similar defect in
oogenesis. Females transheterozygous for the hopmsv1/
hopGA32 mutations had reduced fertility and a fused egg
chamber phenotype that is similar to stat92E mutants (Fig.
2). This result supports the model that the Jak-Stat pathway
functions in oogenesis. We were unable to test for genetic
interactions between the hop and stat92E loci during oo-
genesis, because of poor viability of the mutant combina-
tions, even at moderate temperatures.
In addition to the strong defects in oogenesis, surviving












20°C 96 62 6 58
25°C 60 2 0 52
29°C upshifta 0 0 0 68
a Females were cultured at 20°C until the early pupal stage, then upshifted to 29°C.
FIG. 2. Stat92E and hop mutant ovarian phenotype. Ovaries were
treated with the nuclear stains Hoescht or 7AAD. The germarium
(g), interfollicular stalk cells (SC), and terminal filament (TF) are
indicated. (A) Wild-type ovariole from 29°C female, 3 days after
eclosion. (B) Partially fused stat92EF/stat92E6346 ovariole from a
25°C female, 3 days after eclosion. The arrows point to the partial
fusions between egg chambers, where stalk cells are missing. (C)
stat92EF/stat92E6346 ovariole from a 25°C female, 8 days after
eclosion. Fusion between the egg chambers is more pronounced
(arrows). (D, E) stat92EF/stat92E6346 ovarioles from females 3 days
after eclosion, upshifted to 29°C as 1.5-day-old pupae (D) or as 1- to
6-h pupae (E). Note the complete lack of egg chamber encapsulation
in (E). (F) stat92EF/stat92E6346 germarium from a 25°C female, 8
days after eclosion. The germarium is covered by a thick epithelial
sheet. (G, H) Examples of hopMSV1/hopGA32 ovaries, which resemble
stat92E ovaries. Arrows mark the locations of egg chamber fusions.
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types, which occurred at lower penetrance. These pheno-
types included male sterility, tissue protruding from the
adult humeral cuticle, abnormal anterior spiracles, ectopic
wing veins, suppression of the hopTum-l blood cell differen-
tiation, additional spermatheca, and adult leg defects (K.B.
and C.R.D., unpublished data). These phenotypes will be
described in more detail in future work.
Stat92E Is Expressed in Follicle Cells
We examined the expression pattern of stat92E in the
ovariole by in situ hybridizations. In wild-type ovarioles,
we observed the highest levels of stat92E RNA expression
in the intercalating follicle cells at the boundary of regions
2A/2B and in region 2B (Fig. 3). In this region, the follicle
stem cells divide and start to invaginate to surround the
germ line cell complexes. They also begin to differentiate
into the polar cells and interfollicular stalk cells.
We also visualized -gal protein in the stat92E6346
enhancer-trap line, which gave a somewhat broader pattern
of expression (Fig. 4). In the germarium, -gal was observed
in the terminal filament cells, in the somatic cells proximal
to the germ-line stem cells (basal cells and cap cells), and in
the inner epithelial sheet cells, in addition to the invading
follicle cells (Fig. 4C). The basal and cap cells are thought to
play an important role in the maintenance of the germ-line
stem cells (King and Lin, 1999; King et al., 2001). In the
vitellarium, high LacZ expression was observed primarily
in the polar follicle cells and at a lower level in the stalk
cells from stage 2 to stage 9. By stage 10, strong LacZ
expression appeared throughout the follicle cells (Fig. 4F).
The expression patterns of the endogenous stat92E RNA
FIG. 4. Confocal microscope imaging of stat92E6346 LacZ expres-
sion pattern. LacZ expression is visualized by FITC-labeled second-
ary antibodies (green), and nuclei by 7AAD staining (red). (A)
Longitudinal optical section of ovariole. LacZ expression (upper),
nuclei (middle), and an overlay (lower) are shown. The polar follicle
cells (PC) stain most intensely in the vitellarium (arrows). (B) The
surface of the anterior part of an ovariole, with only the follicle cell
layer visible. LacZ expression is strongest in the polar follicle cells
(PC), and also is present at moderate levels in the interfollicular
stalk cells (SC) of a vitellarial egg chamber. (C–E) Optical sections
at three different levels through the germarium. LacZ expression is
observed in numerous follicle cells in the early egg chambers.
Arrows point to the intercalating follicle cells (C), to the region of
the germarium where the somatic stem cells are located (D), and to
the cap cells (C) and terminal filament cells (TF) (E). (F) Stage 10 egg
chamber. Elevated levels of LacZ expression are present in multiple
groups of follicle cells, including border cells (BC), stretch follicle
cells (SC), and follicle cells that cover the oocyte (Fc).
FIG. 3. Expression of stat92E RNA during early oogenesis in a
wild-type background. (A) Negative control, using a sense strand
stat92E probe for in situ hybridization. (B, C) stat92E expression
pattern using an antisense probe. The highest level of specific
hybridization during early oogenesis is in germarial regions 2A/2B
and 2B (arrows). This signal is most intense in the intercalating
follicle cells, as shown in (C), which depicts a germarium and the
anterior part of a stage 2 egg chamber. Lower levels of staining are
frequently observed in the nurse cells when both the sense and
antisense strands are used for hybridization. The germarium is on
the upper left in (A) and (B).
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and the stat92E6346 -gal protein correlate partially, but not
completely. There are several possible reasons for the
differences observed, including higher stability of the -gal
protein and misregulation of the enhancer trap insertion.
For the remainder of this work, we used the LacZ expres-
sion pattern as a guide to compare staining patterns of other
antigens, rather than as a definitive marker for stat92E
expression.
Stat92E Clonal Analysis
We used the e22C-Gal4 P-element insertion strain (Duffy
et al., 1998) to generate directed stat92E6346 clones in early
follicle cells of otherwise stat92E6346/stat92E females (Fig.
5). We refer to these clones as stat92E, although it is
possible that the strong stat92E6346 allele (Hou et al., 1996)
retains a minimal level of stat92E activity. We obtained
clones in 93% (83/89) of the ovarioles examined. The clones
recovered were frequently very large. Twenty-five percent
of the ovarioles consisted almost entirely of stat92E/
stat92E clones, and 22% of the ovarioles were comprised
primarily of stat92E/stat92E cells. The stat92E ovari-
oles were morphologically normal, whereas stat92E ova-
rioles consisted of essentially fused and degenerating ova-
rioles (Figs. 5G and 5H).
In ovarioles containing a combination of stat92E and
stat92E clones, the regions of egg chamber fusions were
always flanked by stat92E clones and lacked morphologi-
cally obvious stalk cells (Figs. 5C and 5D). In contrast, the
presence of stat92E clones in follicle cells other than those
at the termini of the egg chambers did not affect egg
chamber separation (Fig. 5B). We did not observe any
properly separated egg chambers in which the polar and
stalk cells were stat92E. These results are consistent with
the phenotype observed in the stat92EF allele (and see
below), and indicate that stat92E activity is required in the
somatic follicle cells of the polar/stalk cell lineage.
Role for Stat92E in Follicle Cell Differentiation
Expression pattern and genetic evidence point to a role for
the Hop-Stat92E pathway in the proper development of the
follicle precursor cells of the polar cell/stalk cell lineage. To
further characterize this role, we stained stat92EF/
stat92E6346 mutant and stat92E/stat92E6346 ovarioles with
anti-fasciclin III (FasIII) antisera (Fig. 6). FasIII serves as a
marker for polar follicle cells and their precursors, with
only low expression in differentiated stalk cells and other
follicle cells (Ruohola et al., 1991; Lopez-Schier and St.
Johnston, 2001). The FasIII and -gal stains colocalized in
25°C stat92EF/stat92E6346 egg chambers in the vitellarium,
with strong expression in clusters of 10–12 cells (Figs. 6B
and 6C). In ovarioles dissected from 29°C upshifted females,
these clusters are often larger, containing up to 30 FasIII and
LacZ staining cells.
To follow the cells of the stalk cell lineage, we also
examined the -spectrin distribution in stat92E mutant
ovaries (Fig. 7). In the vitellarium, -spectrin is distributed
along the follicle cell monolayer surrounding the vitellarial
egg chamber (Lee et al., 1997) but is present in highest
FIG. 5. stat92E clonal analysis. stat92E6346-driven -gal nuclear stain-
ing is green, myc staining is red. Cells with green staining only are
stat92E/stat92E, cells with red staining only are stat92E/stat92E.
(A) stat92E/ovariole. The arrow marks a typical group of polar cell and
stalk cells. (B) Phenotypically wild-type ovariole. The follicle cells of
this ovariole are primarily stat92E/stat92E but are stat92E at the
termini. (C, D) Fused egg chambers. The arrow indicates the region of
egg chamber fusion, which is composed of stat92E cells. (E–H)
Ovarioles with multiple egg chamber fusions. Ovarioles composed of
clones that are primarily stat92E are fused and often degenerating.
171Role of Stat92E in Drosophila Oogenesis
© 2002 Elsevier Science (USA). All rights reserved.
levels in the interfollicular stalk cells and their precursors.
(Fig. 7A). In ovarioles derived from mutant females, high
levels of -spectrin expression were observed in the vitel-
larium, even though morphologically normal stalk cells
were absent (Figs. 7B and 7C). This high -spectrin staining
usually colocalized with that of LacZ expression, indicating
that many of the same cells expressed both FasIII and
-spectrin. This result suggests that these cells remain in a
precursor state and have not yet differentiated into either
polar or stalk cells. Therefore, we propose that stat92E
activity is required for the final differentiation of a follicular
precursor cell into a fully functional polar cell or stalk cell.
DISCUSSION
We have used a new temperature-sensitive stat92E mu-
tation, clonal analysis of an apparent null stat92 allele, and
in situ hybridization to examine the developmental roles of
stat92E in the early stages of Drosophila oogenesis. We find
that the somatic follicle precursor cells are present in
stat92E mutants, but that these cells appear to be defective
in their ability to differentiate into mature polar cells and
stalk cells. This defect leads to egg chamber fusions and in
some cases oocyte mislocalization. Stat92E activity is re-
quired in the somatic follicle precursor cells. Further, the
partial loss of Hop activity gives a phenotype similar to that
of stat92E mutants, supporting the idea that the Hop-
Stat92E (Jak-Stat) pathway is involved in this regulation.
FIG. 7. Confocal microscopy imaging of -spectrin staining in
normal and stat92EF/stat92E6346 mutant ovarioles. Staining shown
is -spectrin (green) and stat92E6346 driven -gal (red). (A)
/stat92E6346 ovarioles. The highest level of -spectrin expression
is in the interfollicular stalk cells (SC), with lower expression levels
observed throughout the follicular cell and nurse cell membranes.
The highest level of stat92E6346 LacZ expression in the early
vitellarium is in the polar cells (PC). (B, C) Optical sections of an
ovariole from stat92EF/stat92E6346 females that were upshifted to
29°C as early pupae. Arrows point to large cells cluster that express
both -spectrin and -gal.
FIG. 6. FasIII staining in normal and stat92E mutant ovarioles.
FasIII staining (green) colocalizes with stat92E6346 -gal protein (red)
in the vitellarium of mutant ovarioles. The * marks the tip of the
germaria. (A1) Surface of the anterior part of a normal ovariole. In
germarial egg chambers, fasIII expression is higher in the differen-
tiating follicle cells. Later, the strongest expression is in the polar
cells, with low levels in all follicle cell membranes. (A2) Longitu-
dinal optical section of the same ovariole. FasIII expression is
highest in the polar cells of the vitellarium (arrows). (B1–B3)
Ovariole from 25°C STATF/STAT6346 female. High levels of both
fasIII and stat92E6346-driven LacZ expression (arrows) colocalize in
small clusters of 8–12 cells. The staining shown is FasIII (B1), -gal
(B2), and an overlay (B3). (C) Surface of a STATF/STAT6346 ovary
upshifted to 29°C. The cells coexpressing fasIII and -gal are
located on the surface of the fused egg chambers.
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Role for Stat92E in Follicle Cell Differentiation
Our results suggest two possible models for the regula-
tion of follicle precursor cell fate by stat92E and the
Hop-Stat pathway. One model postulates that stat92E can
act as the switch to commit follicle precursor cells specifi-
cally to a stalk cell fate. In this model, the lack of stat92E
activity leads to an excess number of differentiated polar
follicle cells, at the expense of stalk cells. An alternative
model postulates that stat92E activity is required for the
commitment of follicle precursor cells to either a polar cell
or stalk cell fate. In this model, the lack of stat92E activity
causes the precursor follicle cells to remain in an undiffer-
entiated state. Our experiments do not conclusively distin-
guish between these two possibilities. However, we favor
the latter model. In the enhancer trap line, the coexpression
of FasIII and -spectrin in mutant cells expressing -gal
(Figs. 6 and 7) suggests that daughter cells of this lineage
have failed to commit to either the pole or stalk cell lineage.
This model is further supported by the observation that
stat92E mutant ovarioles frequently contain mislocalized
oocytes (data not shown). The mislocalized oocytes are not
adjacent to the LacZ-expressing cells, indicating that the
attachment of the germ line to the follicle cells did not
occur properly.
Additionally, in stat92EF/stat92E6346 mutants grown at
25°C, the number of cells that coexpress FasIII, -spectrin,
and -gal (driven by the stat92E6346 enhancer-trap line)
equals the number of polar cells and stalk cells expected in
normal egg chambers. Strikingly, larger clusters of 20–30
coexpressing cells appear ectopically in the egg chambers of
females that had been upshifted to the more restrictive
temperature, 29°C. There are several interpretations to
explain these abnormalities. The size of the ectopic clusters
suggests that cells of the pole cell/stalk cell lineage, which
normally exit cell division in the germarium, may have
overproliferated. Alternatively, multiple pole cell/stalk cell
clusters may have fused as an indirect result of multiple egg
chamber fusions. It is also possible that lateral follicle cells,
adjacent to the polar/stalk precursor cells, have adopted the
polar/stalk cell fate.
Similarity of Stat92E Phenotype to Other
Developmental Mutants
The fused egg chambers, loss of stalk cells, and gaps in
the follicle cell layer observed in stat92E mutants bear a
strong similarity to those described for mutants in other
Drosophila genes, particularly components of the Notch
signaling pathway. While Notch activity is required at
multiple steps of oogenesis, either the loss of the Notch cell
surface receptor, or of its ligand Delta, leads to the pheno-
type of egg chamber fusions and lack of stalk cells (Ruohola
et al., 1991; Xu et al., 1992; Bender et al., 1993). Mutations
in daughterless enhance the Notch and Delta phenotypes
(Cummings and Cronmiller, 1994).
It is tempting to postulate a direct interaction between
the Hop-Stat92E pathway and that of Notch. However, the
precise mechanism by which the Notch pathway regulates
stalk cell and polar cell formation is not fully understood.
For example, an increase in the number of FasIII-positive
cells in Notchts egg chambers (Ruohola et al., 1991; Goode
et al., 1996) led to the hypothesis that loss of the Notch
function causes an increase in polar follicle cells at the
expense of stalk cells (Tworoger et al., 1999). More recently,
a clonal analysis utilizing a null Notch allele and additional
cell markers led to the alternative model, that Notch
activity is required for differentiation of the follicle precur-
sor cells into either polar cells or stalk cells (Lopez-Schier
and St. Johnston, 2001; Grammont and Irvine, 2001). In
spite of similarities in the mutant phenotypes, it is equally
possible that the Hop-Stat92E and Notch pathways regulate
different aspects of stalk cell/polar cell formation. In sup-
port of the latter view, there are common aspects to the
adult eye defects caused by mutations in the Hop and
Notch pathways (Luo et al., 1999; Zeidler et al., 1999),
although the interaction is complicated and probably not
direct.
A number of additional genes have been shown to be
important for encapsulation of the germ cell complexes
and/or for differentiation of the follicle precursor cells.
These loci include hedgehog, cut, brainiac, egghead, tou-
can, and fringe (Goode et al., 1992; Bender et al., 1993;
Fobes et al., 1996; Goode et al., 1996; Grammont et al.,
1997; Jackson and Blochlinger, 1997; Gonzalez-Reyes and
St. Johnston, 1998b; Zhang and Kalderon, 2000; Grammont
and Irvine, 2001). It remains to be seen what interactions, if
any, the Hop-Stat92E pathway may have with these genes.
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